Drought vulnerability analysis of crops can build a bridge between hazard factors and disasters and become the main tool to mitigate the impact of drought. However, the resulting disagreement about the appropriate definition of vulnerability is a frequent cause for misunderstanding and a challenge for attempts to develop formal models of vulnerability. This paper presents a generally applicable conceptual framework of vulnerability that combines a nomenclature of vulnerable situations and a terminology of vulnerability based on the definition in the intergovernmental panel on climate change (IPCC) report. By selecting 10 indicators, the drought disaster vulnerability assessment model is established from four aspects. In order to verify our model, we present a case study of maize drought vulnerability in the Midwest of the Jilin Province. Our analysis reveals the relationship between each single factor evaluation indicator and drought vulnerability, as well as each indicator to every other indicator. The results show that the drought disturbing degree in different growth periods increases from the central part of the Jilin Province to the western part of the Jilin Province. The sensitivity degree showed an increasing trend from the southeast to the northwest. The places with the strongest self-recovery ability are mainly concentrated in Changchun, Siping, Baicheng, and the other area. The ability to adjust to drought in each growth period is weak and crop yield reduction caused by drought is easy to create. Environmental adaptability is closely related to the social and economic situation every year, so it changes greatly and is flexible. Areas with strong drought vulnerability are mainly concentrated in Baicheng, Tongyu, and Qianguo. The research results can provide a certain basis for risk assessment, early warning, and disaster prevention and mitigation of agricultural drought disaster in the research area.
Introduction
Drought is one of the most frequent and expensive disasters. Its impact covers a wide range and will cause a series of consequences such as rising commodity prices, immigration, poverty, declining quality of life, destruction of plant diversity, and increased pollution [1] . Drought severely impairs food security and economic prosperity in many countries today [2] . Dai studied the trends of various forms of Palmer Drought Severity Index (PDSI) from 1900 to 2008. The results show that, from 1950 to 2008, the percentage of dry areas in the world increased by about 1.74% every 10 years [3] . Wang Xiao-jun et al. analyzed the records of China's historical drought and its impact from 1950 to 2009. It is observed that the drought-affected area has increased from 2398 × 10 3 hectares to 29,258 × 10 3 hectares in the past 60 years, nearly 12 times, and the drought-damaged area has increased by about 22 times [4] . According to the IPCC report in 2019, the global temperature is expected to rise by 1.5° in the future [5] . Such climate change is likely to greatly aggravate the impact of drought disasters on agricultural production, which exposes vegetation to unusual drought and causes declines in productivity and increased mortality.
The agriculture plays a leading role in supporting rural livelihoods and economic growth, while the agricultural system is vulnerable to the external climate, whether it is caused by natural factors or human activities [6] . Existing research shows that risk is the product of danger and vulnerability, and crisis management is the basis for mitigating drought disasters [7] . Existing research shows that crisis management is the basis for mitigating drought disasters. Drought disasters can be managed to a large extent through effective risk management. The quantitative assessment of regional crop vulnerability is of great significance to the quantitative assessment of agricultural drought risk. It can reflect the region's resistance to disasters and the level of disaster risk [8] , in order to reduce the loss of grain yield caused by disasters.
In IPCC's third assessment report, vulnerability is defined as the degree to which an environmental or social system is vulnerable or the adverse effects of climate change (including climate change and extreme situations) cannot be dealt with [9] . IPCC's fifth assessment report emphasized the social aspects of drought vulnerability [10] . The vulnerability of disaster-bearing bodies depends on physical, social, and existing coping capacity attributes. In addition, the key feature of vulnerability is its dynamics, which may be due to changes in the biophysical and socioeconomic characteristics of the region [11] . Therefore, to evaluate vulnerability, we must grasp these characteristics.
There are two methods to assess the vulnerability of agricultural systems: one is to use models to assess the vulnerability of crops. Another assessment method is to define a set of proxy indicators and establish a vulnerability assessment model to assess vulnerability. Bahareh et al. used the Environmental Policy Integrated Climate (EPIC) model to simulate corn yield and construct the crop physical failure index, and used the residual of simulated yield and the output recorded by the Food and Agriculture Organization of the United Nations (FAO) to construct the crop social failure index. Guo Enliang et al. established a dynamic risk assessment model for waterlogging disaster of maize based on the natural disaster risk theory by using the CERES-Maize model. Using the EPIC model, Hao Guo et al. constructed a database suitable for large-scale risk assessment, fitted the loss ratedrought index-environmental index (L-D-E) vulnerability surface with irrigation scenarios, and quantitatively evaluated the global corn drought risk based on the optimal vulnerability surface of corn [12] [13] [14] . Based [11, 15, 16] . Khaled Hazaymeh et al. developed a remote sensing-based agricultural drought indicator (ADI) at a 30-meter spatial resolution and 8-day temporal resolution, and evaluated its performance in Jordan's semi-arid region [17] . Eskinder Gidey has chosen six important drought indexes, which help us to better understand drought events and analyze the internal relations among the indexes [18] . The results of the model can be used to make appropriate management decisions. However, crop models have certain limitations as vulnerability assessment tools. Most of the adaptability of crop models is assumed and cannot quantify the dynamic impact of socio-economic factors on vulnerability. These crop models are often used for climate risk assessment and yield prediction. At present, there are few articles that use proxy indicators to calculate the vulnerability index, but, the selection of indicators lacks comprehensiveness, as well as less comprehensive consideration of natural factors and human activities. There are deficiencies in comprehensive consideration of meteorological drought and agricultural drought. Second, most researchers seldom consider the relationship between the single factor evaluation index and social and economic factors, and only focus on the comparison of vulnerability. The application of the agricultural drought index based on remote sensing cannot consider terrain, soil, agricultural management practices, and other aspects, and requires extremely high precision of data. Lastly, it is of great significance to subdivide the indicators into growth periods, evaluate the dynamic vulnerability of corn, and explore the different effects of single factor evaluation indicators in different growth periods to explore the formation mechanism of vulnerability of disaster-bearing bodies under drought disasters.
The Midwest of the Jilin Province is located in the core of China's golden corn belt, which is an important commercial grain base in China. Historically, this region has been a drought-prone region, and agricultural production is highly sensitive to drought events. Rainfall and rainfall patterns play a key role in determining agricultural productivity. Therefore, it is of great significance to study the drought vulnerability of maize in this region, identify drought-prone regions, and provide decisionmakers with the appropriate information on vulnerability, which are of great significance for guiding regions to adapt to future climate change and ensure food production.
Based on the definition of vulnerability in the IPCC vulnerability framework, this paper establishes a multi-index method to evaluate drought vulnerability of maize in different growth periods in Central and Western Jilin Province. Starting from the causes of vulnerability, the evaluation factors of individual indicators are linked with socio-economic indicators, and the interaction of social and physical aspects on the hazard causal process is comprehensively considered to determine which areas in the Central and Western Jilin Province are most prone to drought. Based on the existing meteorological data, the yield of corn in the counties and cities where the meteorological stations are located and the proxy indexes of adaptability, the drought disturbance degree, sensitivity, self-recovery ability, and environmental adaptability of the central and western Jilin Province are evaluated. By simplifying and selecting indicators, this vulnerability assessment model is applied to regions lacking more detailed data.
The remainder of this paper is organized as follows. Section 2 presents the conceptual framework of vulnerability, the associated terminology, and the selection of indicators. Section 3 applies this framework to discuss the impact of single factor indicators on vulnerability and the distribution of vulnerability levels in the central and western regions of the Jilin Province in typical drought years. Furthermore, the applicability of the model is verified. Section 4 is the discussion of this article. Section 5 concludes this paper.
Materials and Methods

Study Areas and Data Sources
The research area is located in the Midwest of Jilin Province, with an area estimate of 798 × 104 hm 2 , which accounts for 44.23% of the total area of the Jilin Province [14, 16] . The research area is located at the southwest end of the Songnen Plain in the Jilin Province and the east of the Horqin Grassland. It includes 19 counties and cities, including Songyuan City, Baicheng City, Siping City, and the Changchun City [19] . The Central and Western part of the Jilin Province is the main commodity grain producing area in the Jilin Province, and is located in the core of China's golden corn belt. The region belongs to a semi-arid and a semi-humid continental monsoon climate with distinct seasons and the same period of rain and heat. The annual average of precipitation in the whole region is 399.7~576.7 mm [19] , with large grade variation of precipitation and uneven distribution during the year, which is very unfavorable for the growth of corn. Moreover, the frequent occurrence and long duration of drought in the study area have greatly affected the grain yield.
Nine agricultural meteorological observation stations in the Central and Western Jilin province were selected as research stations (Figure 1 ). In this paper, the growth period of maize is divided into five periods: seeding (00-19 BBCH code), jointing (19-39 BBCH code), tasseling (51-69 BBCH code), milk-ripe (71-79 BBCH code), and maturity (83-89 BBCH code). The research data include meteorological data, water resources data, soil characteristics data, corn physiological characteristics data, agricultural statistics data, and spatial data of the central and western regions of the Jilin Province. Meteorological data comes from the China Meteorological Data Sharing Network, including daily meteorological elements from 1985 to 2015 (http://data.cma.cn/). The data of the development period comes from the Jilin Academy of Agricultural Sciences, including the dates of seeding, jointing, tasseling, milk-ripe, and maturity of corn in the research area from 1985 to 2015 (http://www.cgris.net/). The data of irrigation facilities and economic data of various cities and counties come from the Jilin Statistical Almanac. The global vegetation index data set GIMMS NDVI3g version1 , which was newly launched by NASA at the end of 2016, was adopted, with a spatial resolution of about 8 km × 8 km and a time resolution of 15 days. After image preprocessing such as maximum value synthesis, projection conversion, and cropping, normalized difference vegetation index (NDVI) data sets in Central and Western Jilin are obtained [20] [21] [22] [23] . 
The Selection of Indicators
On the basis of the original data, drought vulnerability assessment indicators for different growth periods of maize were selected. The selection of indicators comprehensively considered the agricultural production, natural factors, and economic and social factors in the central and western regions of the Jilin Province, and adhered to the principles of accessibility, simplicity, operability, and expressiveness. On the basis of considering the characteristics of crops in each growth period and a large number of references [24] [25] [26] , 10 representative indexes were selected (Table 1 ). The weight of each index is calculated by the entropy combination weight method. The calculation method of each index is simply summarized below.
Drought Intensity Index
The Drought Intensity Index (D1) of maize at different growth stages was defined below.
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DI is the drought disaster intensity index of maize in a certain growth period. Zi is the stress value affected by water stress on day i. n is the number of days affected by water stress during the growth period. The max Zi and min Zi are the maximum value and minimum value of the corresponding growth period in all years, respectively. P is the daily precipitation. ETC is the potential evapotranspiration. KC is the crop coefficient of maize in a certain period. ET0 is the daily reference crop evapotranspiration, mm·d 1 (using Penman-Monteith formula [26] [27] [28] ). Rn is the net radiation from the surface. G is the soil flux, T is the daily average temperature, u2 is the 2-m high wind speed, es is the saturated vapor pressure, ea is the actual water vapor pressure, ∆ is the slope of saturated vapor pressure curve, and γ is a psychrometric constant.
Meteorological Sensitiveness Index
The meteorological sensitiveness index (S1) of maize at different growth stages is defined below.
In the formula, Km is the meteorological sensitiveness index, Yw is the actual productivity (kg·hm 2 ) of the year, Yv is the climatic productivity (kg·hm 2 ), and the Thornthwaite Memorial model is used to calculate the climatic productivity of crops (Formula 14). In addition, 30,000 is the empirical coefficient, e = 2.718, V is the annual average evaporation (mm), R is the annual precipitation (mm), L is the annual average maximum evaporation (mm), and t is the annual average temperature (air temperature).
Environmental Suitability Index
Kr is the environmental suitability index. T0 is the regional average growth period length for many years, and T is the actual growth period length for that year.
Drought Resistance
Drought resistance (RS2): Drought resistance of maize at different growth stages includes two aspects. These are maize's ability of shielding drought and ability of shielding tolerance. In this paper, the drought resistance of maize is divided according to different varieties of maize sown in different years in the Central and Western Jilin Province [29] . Different varieties of maize are divided into drought-resistant and non-drought-resistant varieties, with values of 2 and 1, respectively. Drought resistance of various maize varieties was obtained by querying China's germplasm network.
Soil Index
Soil index (RA5): The topographic map (DEM) slope data is combined with the soil types analyzed by ArcGIS to quantify the quantitative values that refer to the research by Wang Cuiling et al. [30] [31] [32] [33] . The calculation formula is shown below.
SQI is the soil index, Ci is the membership degree of each index, and Wi is the weight of the first evaluation index (0.5 is taken in this article).
Based on the above indicators, this paper treated corn according to different growth periods and calculated the weight of the indicators. After treatment, the following results were obtained ( Table 2 ). 
Establishment of the Vulnerability Model
The central idea of the model simulation is to establish a vulnerability evaluation model based on the causes of vulnerability, and to divide vulnerability grades by mathematical methods. The intergovernmental panel on climate change (IPCC) defines ecosystem vulnerability in the context of climate change as the degree to which the system is vulnerable or unable to cope with the adverse effects of climate change, including climate variability and extreme climate events. Ecosystem vulnerability is a function of climate variability characteristics, magnitude, and rate of change, as well as its sensitivity and adaptability [34] . At the same time, when studying the vulnerability of a single crop, one must consider its own physical structural characteristics [35] . Therefore, this study shows that maize drought vulnerability is affected by drought stress of different intensity and changes of social and economic system, which is reflected in the strength of sensitivity and crop self-recovery ability. On the other hand, corn drought vulnerability is also affected by natural and man-made factors such as local social economy, production, and ecology, which are manifested in environmental adaptability and degree of drought disturbance. The final effect of these four aspects is the decline of corn yield. Based on IPCC's definition of vulnerability, this paper comprehensively considers the definition of vulnerability under regional climate change, and takes sensitivity, adaptability, crop self-recovery ability, and the drought disturbance degree into consideration. Lastly, vulnerability is defined as:
In the formula, DVI indicates the drought vulnerability index of maize, which is used to indicate the drought vulnerability degree of maize in each growth period in the region. The greater the value, the greater the drought vulnerability of regional corn in each growth period, the greater the interference from drought disasters, and the greater the potential losses caused. HI indicates the degree of drought disturbance, which reflects the degree of drought impact on corn exposed to the external environment. S indicates the sensitivity of crops and reflects the sensitivity of corn to environmental changes, Rs indicates self-recovery capability, and Ra indicates adaptability of social, economic, and other factors, which both comprehensively reflect the disaster prevention and mitigation capability of regional corn. These are interrelated and influence each other. The calculation formula of the above index value is shown below. 
In the formula, XSi, XRsi, XHIi, and XRai, respectively, represent sensitivity, degree of drought disturbance, self-recovery capability, and environmental adaptability. WSi, WRsi, WHIi, and WRai, respectively, represent the weight of the corresponding index i.
Methodology
Standardized Treatment of Evaluation Indexes
Due to the different dimensions of each evaluation index, the evaluation index must be standardized in weight calculation to eliminate the influence of different units and different measures among the indexes. In this paper, the range method is chosen [36] , for positive impact indicators.
for negative impact indicators:
In the formula, Rij is the normalized index value, Xij is the measured value of the i-th evaluation factor in year j, maxj (Xij) represents the maximum value of the i-th index in year j, and minj (Xij) represents the minimum value of the i-th index in year j.
Entropy Combination Weight Method
Entropy refers to the degree of chaos in the system [37] , which is a measure of the uncertainty of the system state and is widely used in the fields of biological science, astrophysics, probability theory, etc. [38] . In the evaluation system, if the entropy of an index is smaller, it means that the more information the index carries and the greater its role in the evaluation, the greater its weight will be. On the contrary, the greater the entropy of a certain index, the less information it carries, and the smaller its role in evaluation, the smaller its weight becomes [39, 40] . This method of using the entropy value to calculate the index weight is called the entropy weight method [41] . The evaluation results have a strong mathematical theoretical basis, but it cannot flexibly reflect the importance of decision makers to each index. The Analytic Hierarchy Process is another commonly used subjective evaluation method for determining the index weight [42] . The mode of thinking has the characteristics of multiple criteria and multiple attributes, but the evaluation results are greatly influenced by human factors and cannot overcome the subjective preference of decision-makers. In order to make up for the deficiency of the subjective and objective evaluation method and make the index weight have both a subjective intention and objective characteristics, this paper uses an analytic hierarchy process and an entropy weight method to obtain the weight proportion wj a and wj b of the index, and then uses a multiplication normalization method to obtain the combined weight wj of the index. The calculation formula is as follows.
Among them, wj is the combined weight coefficient of the j index, wj a is the weight coefficient of analytic hierarchy process for the j-th index, and wj b is the entropy weight coefficient of index j.
Mann-Kendall Method
The Mann-Kendall method was originally developed by Mann in 1945, and was only used to detect a change trend of sequences at that time [43] . In 1963, Snyers R further perfected this method, which enabled him to determine the starting positions of various trends in general [44] . In 1975, Goossens applied it to the reverse sequence, which developed a new method to detect climate mutation [45] . Now the Mann-Kendall method has become a non-parametric test method widely used and recommended by the World Meteorological Organization. The Mann-Kendall method does not require samples to follow a certain distribution and is not interfered by a few abnormal values. It has the advantages of simple and easy operation, wide test range, high quantification degree, etc. [44, 46] .
Results
Temporal and Spatial Changes of DI in the Maize Growing Season in the Midwestern Jilin Province in the Last 30 Years
In order to analyze the variation law of the DI index of maize in different growth periods in the Central and Western Jilin Province, this study is based on the Mann-Kendall test method and uses the average value of selected stations as the representative value of the whole region to analyze the interannual variation of the DI index of maize in five different growth periods. The results are shown in Figure 2 . In the sowing-seeding stage (Figure 2a ), the DI index of the system showed a fluctuation state of first falling, then rising, and then falling. The overall trend showed a downward state. From 1985 to 1990, the DI index changed from strong to weak. In 1987, there was a sudden change. From 1990 to 1999, the DI index fell steadily. From 1999 to 2003, the DI index returned to a reliability line of −1.98, but it was still in a declining state. From 2004 to 2010, the DI index showed a short increase trend, then decreased again, and mutated again in 2014. It can be seen that the degree of drought in the sowing-emergence stage is relatively weak. In the seeding-jointing stage (Figure 2b) , the DI index showed a steady and increasing trend. From 1985 to 1987, there was a short decline, but the trend was not clear and lasted for only a short time. After 1987, the overall trend was clearly increasing. In the jointing-tasseling stage (Figure 2c ), the DI index increased all the way after a short fluctuation. After a sudden change between 1993 and 1994, the DI index increased all the way, and exceeded the reliability line of +1.98 in 1999, and showed a significant enhancement trend until 2015. The DI index of maize was stable in the tasseling to milk-ripe stage (Figure 2d) , and the effect of drought on the maize growth period showed a significant increasing trend from 1985 to 1997. From 1998 to 2005, the DI index decreased, and, in 2006, it changed again, and the DI index began to fluctuate and rise. In the milk-maturity stage (Figure 2e ), the DI index changed relatively little from 1985 to 1994, and changed abruptly in 1991. Since then, the DI index has risen sharply all the way, exceeding the reliability line of +1.98 in 1999. This indicates that the increase trend is clear, exceeding the significance level, and shows an upward trend until 2015. After analysis, it was found that the mutation points of the DI index increase in different growth periods mostly occurred in 1991 and 2004, which is consistent with the records in the Jilin Disaster Ceremony. Looking at the DI index M-K test curve for the whole growth period, the degree of drought has increased to a certain extent. Therefore, the study area is in a state of vulnerability to drought interference and has a great impact on agriculture. Relevant departments should attach great importance to it and take corresponding political and economic measures. In this study, DI indexes of various stations in the Central and Western Jilin Province were divided into five categories (D1, D2, D3, D4, and D5), according to different growth periods of sowing-seeding, seeding-jointing, jointing-tasseling, tasseling-milk, milking-maturity, and the average value of 30 years was calculated. Using the inverse distance weighting (IDW) method provided by ArcGIS to carry out spatial interpolation, the spatial distribution map of the DI index in different growth periods was obtained (Figure 3 ). Using a natural fracture method provided by ArcGIS, each element was divided into five grades: mild, general, medium, severe, and grave. Then the distribution of the DI index in the Central and Western Jilin Province was analyzed. The results show that the DI index of each growth stage is similar, and the DI index of each station is clearly different. Overall, the drought degree increases from the central part of the Jilin Province to the western part of the Jilin Province. Baicheng, Tongyu, and Qianguo regions have the worst drought degree, while Siping and Changchun regions are relatively low.
The sowing-seeding stage showed that the drought degree in elm, Changchun, and Siping was weaker, and the closer to the west of Jilin, the stronger the drought degree was ( Figure 3D1 ). During the seeding-jointing stage ( Figure 3D2 ), the DI index of each station was significantly different. The drought degree of Tongyu was grave, and that of Siping was the lightest. The DI index gradually increases from the northeast to the southwest, which means that the drought phenomenon is more serious in the west of Jilin than in the central region. From jointing to tasseling ( Figure 3D3 ), the areas affected by severe drought began to increase and extend to the southeast. Except Changchun and Tongyu, the DI index of other areas was above a medium grade. In the tasseling-milk stage ( Figure  3D4 ), the DI index has a clear boundary zone. Baicheng, Qianguo, Tongyu, and Fuyu are in grave drought, Changling and Shuangliao are in medium drought, and Siping, Changchun, and Yushu are in a light drought. The jointing-tasseling period and tasseling-milking period are the key periods for plants to demand water. Effective rainfall has caused a significant difference in the DI index to a large extent, which indicates that drought is more serious in Northwest China. The milk-maturity period ( Figure D5 ), the drought range expands, the grave drought range moves to the southeast and south, and the DI index in Changchun, Changling, and Qianguo regions increases. At this stage, corn is close to maturity, and the effect of water on corn growth is far less important than that of the jointing-milk period. At this time, light, nutrition, and other factors will also affect the degree of drought disturbance of corn, so the DI index of the whole region has been improved. 
Single Factor Evaluation Results of Maize Drought Vulnerability in Central and Western Jilin Province
In this study, the drought disturbing degree, crop sensitivity, self-recover ability, and adaptive capacity of three typical drought years of 2004, 2007, and 2014 are calculated, respectively, based on the observation data of 30 years at 10 stations and the statistical yearbook data of the Jilin Province. The IDW inverse distance weighting method is used for interpolation analysis, and the spatial distribution map of four single-factor indexes of corn in the central and western regions of the Jilin Province in three typical drought years is obtained.
Sensitivity
Drought sensitivity analysis mainly considers the climate sensitivity index and NDVI. According to the index system and the weight of each index, sensitivity indexes of three typical drought years 2004, 2007, and 2014 in the central and western regions of the Jilin Province are calculated. According to the sensitivity index and the division boundary value, corn drought sensitivity in typical drought years in Central and Western Jilin Province was evaluated and divided. The results are shown in Figure 4 . In 2004 (Figure 4a ), the sensitivity showed strength in the northwest and a weakness in the south and northeast, among which Tongyu was the most sensitive, and Qianguo, Changling, Changchun, Shuangliao, and Baicheng were the areas with strong sensitivity. The sensitivity of Fuyu, Yushu, and Siping areas is relatively low. From the overall analysis, the sensitivity degree shows an increasing trend from the southeast to the northwest, and the whole region belongs to a more sensitive region. In 2007 (Figure 4b ), the overall sensitivity distribution was similar in 2004, which all showed a state of high overall sensitivity and increasing sensitivity from the southeast to the northwest, which indicates that drought played a significant role in restricting the growth of maize in the whole growth period in the whole region. In 2014 (Figure 4c ), the overall difference in sensitivity distribution was small, and most areas except Yushu, Siping, and Shuangliao were in a state of high sensitivity. As a whole, the sensitivity is low in the northeast and high in the west, and its value decreases from the middle to the south and northeast. Compared with 2004 and 2007, the sensitivity degree is further improved, and the range of high sensitivity areas is increased.
Judging from the sensitivity zoning map of three typical drought years, the distribution area of medium and severe sensitivity grades is the largest. Drought sensitivity is not only related to precipitation and evapotranspiration, but also to the leaf area index, corn planting area, regional ecological environment, and other factors. 
Self-Recover Ability
The self-recover ability reflects maize's ability to adapt, adjust, and recover to drought, and is one of the important factors affecting maize's drought vulnerability in the region. In this paper, the environmental adaptability index and drought resistance index are selected to calculate and analyze the self-recovery ability ( Figure 5 Figure 5 . On the whole, among the three typical drought years, the places in the Western Jilin Province with the strongest self-recovery ability are mainly concentrated in Changchun, Siping, Baicheng, and other areas, with strong adjustment ability to drought in each growth period. On the other hand, the regions in the study area with weak self-recovery ability of corn are mainly located in Tongyu and Fuyu, which have weak adjustment ability to drought in each growth period and are prone to crop yield reduction caused by drought. In general, the self-recovery ability of maize in the central part of the Jilin Province is higher than that in the western part of the Jilin Province, which is mainly related to the length of the maize growth period and maize variety selection, and is also influenced by certain climatic conditions such as topography, soil type, etc. 
Drought Disturbing Degree
The drought disturbance degree reflects the external environmental disturbance factors resulting from the formation of regional vulnerability, which includes meteorological environmental factors, soil factors, disturbance time, and other factors. In this paper, the drought index is constructed, and the drought disturbance degree zoning maps of three typical drought years of 2004 (Figure 6a Figure 6 . In 2004 (Figure 6a ), the areas with serious drought disturbance are mainly concentrated in Baicheng, Tongyu, Qianguo, and other places. The whole western region of the Jilin Province has received a serious drought impact. Comparatively speaking, the central region of the Jilin Province has received less drought disturbance, but the whole central and western regions have experienced drought with varying degrees, which has had a great impact on the corn yield in that year. In 2007 (Figure 6b ), the distribution of drought disturbance degree in 2007 is similar to that in 2004, which increases from the southeast to the northwest. However, it is not difficult to see from the figure that the influence range of a serious and seed degree disturbance degree becomes larger, and the area receiving drought disturbance expands and deepens, which seriously affects the growth and development of corn and leads to crop yield reduction. In 2014 (Figure 6c ), the degree of drought disturbance this year has changed greatly. In 2014, the regions with a serious drought disturbance are Changling and Changchun regions, and the whole central region of the Jilin Province is shrouded in a high degree of drought disturbance. The severity of the western region of the Jilin Province is lower than that of the central region, and decreases from the southeast to the northwest on the whole, but the difference in severity is not large. The overall drought disturbance is still serious and is significantly affected by climate factors such as precipitation. 
Adaptive Capacity
The results of vulnerability are directly related to the local research background and specific hazards, so this study investigated various socio-economic factors that reflect environmental adaptability, quantified the impact of socio-economic factors on natural disasters, and evaluated and zoned the environmental adaptability of the central and western regions of the Jilin Province. Results as shown in Figure 7 . On the whole, the regional differences of environmental adaptability in the central and western regions of the Jilin Province are clear, the degree of adaptability is clear, there is no fixed change trend, and the situation is different every year. In 2004 (Figure 7a ), the overall difference was large, and the environmental adaptability of the whole western region of the Jilin Province, Changchun, and Shuangliao were stronger. Fuyu, Yushu, and Changling have relatively weak environmental adaptability, which show the phenomenon of strong northwest and southeast parts and weak middle parts. In 2007 (Figure 7b ), the overall trend changed, which was greatly different from 2004. YuShu, Siping, and Shuangliao have the best environmental adaptability, while Baicheng and Tongyu have a sharp drop in adaptability. In 2014 (Figure 7c ), the overall trend was the same as in 2007, with low environmental adaptability in the northwest and high in the northeast and southwest. Environmental adaptability is closely related to the social and economic situation every year, so it changes greatly and is more flexible. The environmental adaptability of the whole Central and Western Jilin Province is not inferior on the whole, and can be improved through economic development and government support. 
Regionalization of Maize Drought Vulnerability in the Midwest Jilin Province
According to the evaluation model of maize drought vulnerability in Central and Western Jilin Province, 10 indexes are selected from four aspects, the maize drought vulnerability index is calculated, and the maize drought vulnerability evaluation model is obtained. Because external interference factors such as water stress during sowing-seeding stage have relatively little influence on maize, and seedling emergence can be guaranteed under normal circumstances, this study only conducts vulnerability analysis and zoning after the seedling stage.
In order to evaluate the degree of drought vulnerability of maize, according to the actual situation of maize drought disaster in the study area and previous literatures, the maximum and minimum values of maize drought vulnerability index are comprehensively considered, and the drought vulnerability of maize in each growth period is divided into 5 grades of mild, general, medium, severe, and grave by using the optimal segmentation theory. The results are shown in Table  3 . Based on the maize drought vulnerability index in the study area and the classification criteria of maize drought vulnerability grade in the Central and Western Jilin Province in Table 3 , the spatial distribution map of the maize drought vulnerability grade in the Central and Western Jilin Province in three typical drought years and different growth periods was obtained. On the whole, the regions with strong corn vulnerability in the three typical drought years are mainly concentrated in Baicheng, Tongyu, Qianguo, and other regions, which have a high probability of severe drought and severe vulnerability in each growth period of corn (Figure 8 ). In contrast, cities such as Changling, Shuangliao, Siping, and Changchun were weak in vulnerability in 2004. The vulnerability of Fuyu, Tongyu, and other places was weak in 2007. The vulnerability of Fuyu and Tongyu in 2017 is relatively weak, which is closely related to the sufficient degree of regional disaster emergency investment in a specific year, as well as insufficient and uneven precipitation. From the point of view of the growth period, with the growth of corn, the area where severe and above fragility occurs is gradually expanding and extending from the West Jilin Province to the central part of the Jilin Province. The most vulnerable period generally occurs in the period of the tasseling-milk-ripe stage. From seeding to the jointing stage, the area of moderate or lower vulnerability area was the largest, which reached 61.7% in 2004. In 2007, the proportion of severe vulnerability was the largest, which reached 69.7%. In 2014, 61.9% of them were severely vulnerable. Since 2004, the degree of vulnerability from seeding to jointing has been increasing, and the scope of severe vulnerability has gradually expanded from the western part of the Jilin Province to the central part of the Jilin Province. From the jointing stage to the tasseling stage, severe vulnerability accounted for the largest area in 2007 and 2014, which accounted for 53.52% and 90%, respectively. In 2004, the proportion of severe vulnerability was the largest, at 52.6%. On the whole, the degree of vulnerability showed a downward trend from the jointing to the tasseling stage, and the region with the highest vulnerability gradually shifted from the Western part of the Jilin Province to some cities in the central part of the Jilin Province. Slightly vulnerable areas shifted from the south to the north. During the period of the tasseling stage and the milk-ripe stage, the proportion of severe vulnerability was the largest in 2004, which accounted for 41%. The proportion of severe vulnerability was the highest in 2007 and 2014, with 74% and 90.3%. Judging from the overall trend, the degree of vulnerability from jointing to tasseling is increasing, from 41% in 2004 to 90.3% in 2014. There is little difference in vulnerability in the whole region, which is shrouded in a high degree of vulnerability and is extremely vulnerable to the impact of drought disasters, which results in crop yield reduction. From the milk-ripe stage to the maturity stage, the proportion of severe vulnerability reached 45.4% in 2007 and 90.4% in 2014. From the analysis of the whole growth period, the proportion of severe vulnerability is the largest, which accounts for 60.7%. The jointing-tasseling stage, the tasseling-milking stage, and the milking-maturity stage are all periods of high vulnerability and are susceptible to external interference, which results in drought. The above results are in good agreement with the historical disaster situation and the water shortage situation of maize in different growth periods in typical drought years in the research area. 
Model Testing
The greater the vulnerability of regional maize to drought, the greater the risk of disaster and the greater the potential losses caused by drought. Based on historical disaster data, this paper selects three typical drought years in 2004, 2007, and 2014, and uses the vulnerability assessment model to calculate the maize drought vulnerability index in typical drought years in different regions of the Central and Western Jilin Province. Due to the negative correlation between vulnerability and corn yield, the percentage deviation of crop yield in three typical drought years (relative meteorological yield of crops) is selected to represent the relative fluctuation of yield in the study area, which reflects the yield impact under the influence of drought.
The spatial distribution of the yield reduction rate is approximately the same as that of the maize drought vulnerability grade, with some differences in some places but little difference, which is basically in line with the facts [42] . Based on the data of maize yield reduction caused by drought disasters in the corresponding drought years in the central and western parts of the Jilin Province, a regression analysis was conducted on the maize drought vulnerability evaluation model in the central and western parts of the Jilin Province. The results showed that there was a linear correlation between the two equations and the results passed the F test with α = 0.05 (seeding-jointing stage: r = 0.78, P < 0.05, jointing-tasseling stage: r = 0.77, P < 0.05, tasseling-milk-ripe stage: r = 0.69, P < 0.05, milk-ripe-maturity stage: r = 0.72, P < 0.05.). Each growth period has reached a significant level, which proves that the evaluation and zoning of maize drought vulnerability by the model in this paper is reasonable and can be used to evaluate and estimate maize drought vulnerability and maize yield loss caused by drought.
Discussion
Agricultural drought is a complicated problem with many influencing factors. Schewe et al. pointed out that climate change is likely to significantly exacerbate regional and global water shortages. The reduction of rainfall will directly affect regional and even global agricultural production [46] . Grillakis mentioned, in his article, that the 2003 European summer heatwave in combination with the antecedent prolonged drought period, caused a wide crop shortfall in parts of Southern Europe of a compound cost of almost EUR 15 billion. Even if strong mitigation measures are taken, the risk of agricultural drought in Europe is expected to be higher than the current experience [47] . Like the world drought trend, drought has become one of the most serious natural disasters facing China at present. Zhai et al. studied the drying changes in China's 10 major watersheds and concluded that the Haihe River Basin in Northeast China is expected to show a more arid trend in the next half century [48] . At the same time, domestic scholars have also revealed the situation that China will face a prolonged drought duration and intensified drought intensity in the future by calculating the temporal and spatial distribution characteristics of the PDSI drought index in the future climate change situation [49] . Therefore, under the background of global climate change, it is unrealistic to invest only a large amount of manpower and material resources in order to alleviate the reduction of grain production and food safety caused by drought. The focus of drought research should be on disaster prediction in advance and sustainable management. Therefore, this study believes that it is particularly important to carry out a drought disaster risk assessment for typical agricultural planting areas, to provide reasonable and reliable theoretical support for relevant departments, and to solve or alleviate the crisis of crop damage and yield reduction. Therefore, it is particularly important to carry out a drought disaster risk assessment on typical agricultural planting areas in order to provide reasonable and reliable theoretical support for relevant departments and to solve or alleviate the crisis of crop damage and yield reduction.
In this study, the vulnerability zoning map of typical drought years and the single factor zoning map are compared, and it is found that regions with a high degree of drought disturbance are generally more vulnerable, and regions with a low degree of drought disturbance are also relatively weak, with exceptions. Generally speaking, such exceptions are caused by differences in crops' own recovery ability or socio-economic capital. [50] . Therefore, there is a strong pattern of spatial and socio-economic vulnerability in the Central and Western regions of the Jilin Province. Northwest China has the highest vulnerability, but its economic adaptability and environmental adaptability are relatively poor. Lower socio-economic development and more unstable rainfall patterns will lead to severe drought and a crop yield decline, which is consistent with the research results of Antwi-Agyei et al. in Ghana [11] . At the same time, we also found that the spatial distribution of drought vulnerability is largely varied with year, especially for the joining to the tasseling stage. This may be related to social and economic factors. The funds invested in agricultural drought resistance in different years are different, and it is also related to the selection of seeds in that year and the state of land in the previous year. This study is inspired by Eakin et al.'s research and improves Wang Chunyi et al.'s research on vulnerability [51, 52] . The drought vulnerability evaluation model is redefined from four aspects of the drought disturbance degree, sensitivity, self-recovery ability, and environmental adaptability. Our research attempts to evaluate the drought disaster situation in the Central and Western regions of the Jilin Province under different growth periods. Some impacts cannot be seen when analyzing the whole growth period of corn, especially in areas where the difference in social and economic development increases.
Through the research results in the third part of this paper, it can be found that the three regions with strong corn vulnerability in typical drought years are mainly concentrated in Baicheng, Tongyu, Qianguo, and other regions, and the probability of severe drought in each growth period of corn is relatively high. This is consistent with the research results of Peng Zeyuan and others. Through the model, the research also made a dynamic evaluation of drought vulnerability of maize in the Western Jilin Province. It was found that the probability of severe and grave vulnerability of maize in each growth period was high, which reveals that insufficient or uneven precipitation was an important driving factor leading to increased vulnerability [53] . In defining vulnerability, this paper uses the degree of drought disturbance to interpret vulnerability, and the results obtained are consistent with the frequency distribution of drought disasters obtained by Cassie Wang et al. [19] . In the aspect of an index selection, Nasrollahi used a variety of ecological and socio-economic indicators to calculate the regional vulnerability index in their research [54] . Our research also carried out the selection of socio-economic indicators and streamlined them, deleting the indicators with greater coincidence of the represented contents, which makes the collection of indicators more convenient and representative. We have studied the spatial and temporal distribution of the DI index in different growth periods and the vulnerability distribution in typical drought years. The results of the study have been verified and confirmed that the distribution of the drought vulnerability grade in different growth periods in typical years is basically consistent with the distribution of the maize yield reduction rate in the Jilin Province [45] .
According to the specific conditions of the study area, this study combines meteorological drought with agricultural drought, meteorological environmental factors with socio-economic factors, and comprehensively considers sensitivity index, drought disturbance degree, the selfrecovery ability index, and the environmental adaptability index. Considering both objective entropy weight and subjective entropy weight, the result of the vulnerability index is more reasonable. The degree of drought disturbance is used to reflect the external environmental disturbance factors resulting from the formation of regional vulnerability. The meteorological environmental factors, soil factors, disturbance time, and other factors are comprehensively considered in the calculation of the degree index of drought disturbance. This paper also has some deficiencies in the selection of the maize drought vulnerability index and the establishment of the model. The vulnerability assessment, as a dynamic assessment process, does not fully reflect changes in time. In addition, due to limited data, the model is not accurate enough. The model is only applicable to countries or regions where corresponding data are easily available. In this study, the driving factors of socio-economic scale vulnerability and the correlation between various single-factor evaluation indicators need to be further explored. In future research, the questionnaire survey will be added to screen social and economic indicators, which makes the results more applicable and comparative.
Conclusions
On the basis of the IPCC vulnerability definition, this paper selects 10 representative evaluation indexes from four aspects of drought disturbance degree, sensitivity, self-recovery ability, and environmental adaptability, and establishes a maize drought vulnerability evaluation model. The results are as follows.
(1) Among the three drought years, the seeding-jointing stage, the tasseling-milk-ripe stage, and the milk-ripe-maturity stage in 2004 are most vulnerable to drought, and the full growth stage in 2014 is the most affected. The vast majority of highly vulnerable regions have weak economic capacity, a lack of population, and serious aging. Most regions mainly grow grain, are accustomed to traditional production methods, and lack educational resources. The drought vulnerability of maize is strongest in the period of tasseling-milk-ripe and seeding-jointing, followed by milk-ripe-maturity. This is related to the water demand of maize in different growth periods, maize varieties, and soil types. (2) The four components of vulnerability represent different patterns. Areas with high climate sensitivity are mainly concentrated in Fuyu and Qianguo. The places with the strongest selfrecovery ability are mainly concentrated in Changchun, Siping, Baicheng, and other areas, with strong drought adjustment ability in all growth periods. Areas with serious drought disturbance are mainly concentrated in Baicheng, Tongyu, and Qianguo. There are clear regional differences in environmental adaptability, obvious differences in adaptation degree, no fixed change trend, and different situations every year. This is related to many factors. Social and economic development should be strengthened and social and demographic structure should be improved. (3) After verification, the research results prove that the distribution of drought vulnerability grade of maize in different growth periods in typical years is basically consistent with the distribution of maize yield reduction rate, and the two are linearly correlated. Each growth period passes the significance F test of α = 0.05. The model can be used to evaluate and predict maize drought vulnerability, drought disaster risk, and maize yield loss caused by drought.
The drought vulnerability in this region is closely related to the social and economic development in this region, and there are spatial differences. The study can fully reflect the spatial characteristics of drought vulnerability in typical drought years and reflect the correlation between drought vulnerability and each single evaluation factor. The combination of multiple indicators to evaluate vulnerability can play a better early warning role. For regions with high vulnerability, we can start with developing agriculture through science and education, fundamentally change farming habits, and artificially improve crops' self-recovery ability and environmental adaptability.
